Papain (EC 3.4.22.2), bromelain (EC 3.4.22.4) and ficin (EC 3.4.22. 3) are plant cysteine proteinases for which many industrial, medical, dental and veterinary applications have been found (Merck Index, 1976) .
In addition to catalysing the hydrolysis of peptide bonds in proteins, all three can act on amide and ester derivatives of amino acids and peptides (Glazer & Smith, 1971 ). Schechter & Berger (1967 , 1968 and Berger & Schechter (1970) showed that the active site of papain contained binding sites for at least seven residues along the chain of a peptide or protein substrate. Such a chain may be represented as follows:
P4-P3-P2-p1 PI P-P2 in which P represents an amino acid residue, and the peptide bond cleaved is indicated by the arrow, P1 providing the carbonyl and P' the amino component. Although it is well known (Tokura et al., 1971 ; Mole & Horton, 1973; Angelides & Fink, 1979 ) that arginine and lysine residues afford good substrates for papain (and bromelain and ficin), it has been demonstrated (Schechter et al., 1965; Bender & Brubacher, 1966; Brubacher & Bender, 1967; Lowe & Yuthavong, 1971; Wharton et al., 1974; Polgar & Halasz, 1978; Polgar, 1979 ) that a positive charge on the side-chain group of the P1 residue is not essential for hydrolysis. For example Polgar & Halasz (1978) and Polgar (1979) showed that for papain-catalysed hydrolysis derivatives of Abbreviations used (in peptide derivatives): Cit, citrulline; Ac, acetyl; Bz, benzoyl; Tos, toluene-psulphonyl; pNA, p-nitroanilide.
Vol. 219 arginine and citrulline (see below) manifested similar Michaelis parameters. Indeed, all three proteinases appear to exhibit quite broad specificities with regard to the P1 residue.
The nature of the residue at position P2 has been shown to be more significant in terms of specificity, and it is well established (Schechter & Berger, 1967 , 1968 Berger & Schechter, 1970; Leary et al., 1977 ) that papain exhibits a strong preference for aromatic side-chain groups (e.g. phenylalanine) at this position.
It is surprising therefore that, in the commercial literature in particular, the most commonly quoted substrates for the assay of papain are simple derivatives of arginine (see the current commercial catalogues of enzymes and substrates), especially bearing in mind that these are good substrates for many proteinases whose specificities indicate a requirement for a positively charged side-chain group.
Citrulline, a metabolite of arginine, carries a ureido group in place of the guanidino group of arginine, and therefore has no positive charge on its side chain. The synthesis of citrulline peptides promises to be rather easier than those of arginine and lysine, since for most synthetic reactions the citrulline side chain requires no protection.
As a consequence of an investigation of the replacement of arginine and lysine residues by citrulline in substrates of proteolytic enzymes, we have synthesized a number of citrulline p-nitroanilides (Gray et al., 1982) . Some of these promise to be effective selective substrates for papain and other plant cysteine proteinases. Koch-Light Laboratories.
The preparation and properties of the citrulline p-nitroanilide derivatives have been described in a previous paper (Gray et al., 1982) .
Papain was prepared from completely soluble papaya latex supplied by Powell and Schofield, Liverpool, U.K., by the method of Baines & Brocklehurst (1979) , which avoids possible contamination with chymopapains when high-quality latex is used as starting material. The purified enzyme thus obtained was found, by titration with 2,2'-dipyridyl disulphide at pH4.0 and pH8.0, to possess 0.5-0.6mol of thiol group/mol of protein, after activation at pH6.0 for approx. 20min with 2mM-dithiothreitol followed by passage through Sephadex G-25: the titration with 2,2'-dipyridyl disulphide showed there to be no significant contamination with chymopapains (Baines & Brocklehurst, 1978) . Fully active enzyme containing 1 mol of thiol group/mol of protein was then prepared by subjecting the initial preparation (which contained 0.5-0.6mol of thiol group/mol of protein) to covalent chromatography by thioldisulphide interchange on a Sepharose-glutathione 2-pyridyl disulphide gel (Stuchbury et al., 1975) . The disulphide gel was kindly prepared by Miss Susan White.
The kinetic parameters kcat. and Km for the papain-catalysed hydrolysis of the three peptide pnitroanilides quoted in Table 2 (CornishBowden, 1976) . Kinetic runs were performed at pH6.2 in a Pye-Unicam SP. 1800 u.v. spectrometer, thermostat-controlled at 35 + 0.1C.
A papain hydrolysate of Z-Gly-Phe-Cit-pNA was subject to the dansyl (5-dimethylaminonaphthalene-l-sulphonyl) chloride procedure, by using essentially the method of Bruton & Hartley (1970) . This involved reaction with dansyl chloride, total hydrolysis with HCI and two-dimensional chromatography on polyamide layers.
Results and discussion Relative rate of hydrolysis Substrate 1 Bz-DL-Arg-pNA 2 Z-Cit-pNA* 3 H-Cit-pNA* 4 Ac-Cit-pNA 5 Tos-Cit-pNA*-6 Bz-Cit-pNA 7 Z-Gly-Cit-pNA* 8 Z-Pro-Cit-pNA* 9 H-Pro-Cit-pNA* 10 Z-Gly-Pro-Cit-pNA* 11 Z-Phe-Cit-pNA 12 H-Phe-Cit-pNA 13 Z-Gly-Phe-Cit-pNA 14 Z-Gly-Gly-Phe-Cit-pNA (3) 988 (8) (12) 232 (4) 2015 (15) 5102 (6) 1984 Substrate for plant cysteine proteinases (Mole & Horton, 1973) ; epH 7.06, 25°C, 5% dimethyl sulphoxide (Mole & Horton, 1973) ; fpH 7.2, 35°C (Tokura et al., 1971) . Substrate Z-Cit-pNAa Z-Phe-Cit-pNAa Z-Gly-Phe-Cit-pNAa Ac-Phe-Gly-pNAb Bz-Gly-pNAc Bz-L-Arg-pNAd BZ-DL-Arg-pNAd Km Tables 1 and 2 confirm the well-established observation that a positive charge on the side chain of the P1 residue is not essential for any of the enzymes.
The dramatic increases in enzymic activity against substrates carrying phenylalanine in position P2 is clearly evident from the data for all three enzymes. Neither glycine nor proline at this position has such an effect.
More detailed study afforded the kinetic parameters of the papain-catalysed hydrolysis of three of the syntheticp-nitroanilides. These are shown in (Fersht, 1972; Wharton & Eisenthal, 1981) .
Furthermore, comparison between the data for Z-Phe-Cit-pNA and Ac-Phe-Gly-pNA suggests that the presence of the side-chain group of citrulline results in a substantially higher rate.
Comparison between Z-Cit-pNA and Bz-GlypNA suggests a similar conclusion. The glycine derivatives thus apparently bind slightly more effectively in the enzyme-substrate complex, but the citrulline derivatives show greater rates of hydrolysis.
In agreement with the conclusions of Schechter & Berger (1967 , 1968 and Berger & Schechter (1970) , an additional amino acid residue at P3 resulted in stronger binding, as indicated by the decrease in Km to 0.46 x 10-3M for Z-Gly-Phe-CitpNA. However, kcat. was also decreased, a situation that suggests some non-productive binding for this substrate, since the kcat/lKm value is similar to that of Z-Phe-Cit-pNA. This would occur if the aromatic ring of the benzyloxycarbonyl group were to occupy the binding site on the enzyme normally taken up by P2 (see Fig. 1 and Lowe, 1976) . Under these circumstances hydrolysis of the Gly-Phe bond might take place. In the event, examination of the products of hydrolysis of Z-Gly-Phe-pNA did demonstrate the presence of material carrying an N-terminal phenylalanine residue, since after Vol. 219 dansylation and hydrolysis dansylphenylalanine was identified by t.l.c. chromatography. Table 1 also shows the similarities in specificities between papain and ficin, bromelain being perhaps less closely similar to the other two.
In our earlier paper (Gray et al., 1982) , we reported that a number of citrulline p-nitroanilides were not detectably hydrolysed by trypsin. We have extended this observation to Z-Phe-Cit-pNA and Z-Gly-Cit-pNA. Therefore the dipeptide derivative Z-Phe-CitpNA, in particular, appears to be a sensitive and specific substrate that should prove valuable for the detection and assay of these plant cysteine proteinases.
